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CONCEPTUAL BACKGROUND
OBSTRUCTIVE SLEEP APNEA IS characterized by recurrent episodes of pharyngeal airway obstruction during sleep (35) , leading to intermittent oxyhemoglobin desaturations and arousals from sleep. Recent evidence suggests that intermittent hypoxemia and sleep disruption contribute to substantial morbidity and mortality from metabolic dysregulation (glucose intolerance, hyperlipidemia, and nonalcoholic fatty liver disease), hypertension, cardiopulmonary disease, accelerated neurocognitive decline, and even tumor metastasis (26, 48) .
Over the past 30 years, nasal continuous positive airway pressure (CPAP) has remained the mainstay of treatment for obstructive sleep apnea (1) . Its efficacy is due to its ability to overcome increases in pharyngeal collapsibility, which is a fundamental defect in sleep apnea. Despite its efficacy in the laboratory, nasal CPAP has been plagued by significant problems with adherence (19, 47) that hinder its long-term effectiveness and ultimately its control of apnea-related morbidity and mortality. Moreover, CPAP does not address the root cause for obstructive sleep apnea, namely, increases in pharyngeal collapsibility during sleep.
In seminal studies, Remmers et al. (35) suggested that pharyngeal obstruction resulted from disturbances in upper airway neuromuscular control during sleep. At sleep onset, pharyngeal collapse is associated with a loss of genioglossus muscle tone (23) . Under these circumstances, airway collapsibility increases, reflecting the influence of underlying alterations in pharyngeal structures or anatomy that predispose to airflow obstruction during sleep (33, 41) . Airflow obstruction, however, can elicit reflex responses that increase pharyngeal muscle activity and restore airway patency during sleep (22, 33) . More recently, it has been postulated that the upper airway requires two "hits" for the development of sleep apnea. First, underlying structural defects increase its collapsibility and predispose to airflow obstruction during sleep. Second, neuromuscular responses to airflow obstruction are blunted and fail to compensate for the obstruction and restore airway patency during sleep.
The genioglossus muscle protrudes the tongue, dilates the pharynx, and mitigates airflow obstruction during sleep (35) . In early animal studies, exogenous electrical stimulation of the genioglossus muscle augmented the activity of this pharyngeal dilator and restored airway patency (30, 43) . Hypoglossal nerve stimulation (HGNS) therapy was designed to recruit genioglossus activity and relieve airflow obstruction in sleeping patients with obstructive sleep apnea, (17, 27) . In this review, we summarize results from early pilot studies on genioglossus and hypoglossus stimulation and update perspectives and therapeutic challenges for implantable hypoglossus nerve stimulation systems.
PILOT STUDIES
In pilot human studies, investigators have laid the groundwork for approaches to treat apneic patients with hypoglossal stimulation. These studies trialed three techniques for stimulating genioglossus muscle activity during sleep: submental transcutaneous stimulation, fine wire intramuscular lingual muscle stimulation, and direct hypoglossal nerve stimulation. The findings from each approach have been previously reviewed (17, 27) and are summarized below.
SUBMENTAL TRANSCUTANEOUS STIMULATION
Early studies with submental transcutaneous stimulation led invariably to arousals without consistent improvements in pharyngeal patency during sleep (2, 5, 13, 24) . Initially, investigators documented improvements in airflow and reductions in sleep apnea severity with submental stimulation (15, 24) , although later studies demonstrated frequent arousals from sleep without clear-cut improvements in airflow dynamics (2) . Investigators have recently revisited the notion that prolonged, low-intensity transcutaneous stimulation during sleep can increase lingual muscle tone and improve airway patency during sleep (45) . This concept is further supported by a recent study examining the effect of lingual "exercises" drawn from a speech therapy repertoire on sleep apnea severity (14) . Daily training exercises improved sleep apnea over a period of weeks without noticeably increasing the bulk mass of the lingual musculature, suggesting a beneficial effect of low-level stimulation over time (see below).
DIRECT FINE WIRE STIMULATION
Intramuscular stimulation. Difficulties in eliciting motor movement of the tongue during transcutaneous stimulation prompted investigators to stimulate the genioglossus directly with sublingual transmucosal and fine wire intramuscular electrodes. Indeed, direct stimulation of the hypoglossal nerve and genioglossus muscle produced pronounced muscle contraction and improvements in pharyngeal collapsibility and patency in isolated upper airway preparations in cats (8, 43) , dogs (30) , and rats (10) . These animal findings motivated further studies examining effects of stimulation on airway patency in sleeping humans. In these experiments, sublingual transmucosal, and fine wire electrodes were used to stimulate the hypoglossus nerve (28, 31, 36, 39) . Stimulation produced pure motor movement without significant discomfort during wakefulness.
Selective vs. combined lingual muscle stimulation. In an early study examining effects of intramuscular fine wire stimulation, investigators demonstrated marked differences in tongue movement depending on the site of stimulation (39) . Unilateral stimulation near the proximal hypoglossus nerve produced ipsilateral tongue deviation and "closed" the airway during sleep. In contrast, distal hypoglossal stimulation induced contralateral tongue deviation and variable degrees of airway opening during sleep. Striking differences in the responses to proximal and distal stimulation reflected distinct patterns of lingual muscle recruitment. The development of pharyngeal closure during proximal stimulation implicated lingual retrusor muscles, which pull the base of tongue posteriorly into the pharynx. In contrast, effects of distal stimulation suggested unopposed recruitment of the genioglossus, a powerful tongue protrusor, which pulls the tongue anteriorly and restores airway patency. Subsequently, investigators demonstrated in rats that lingual protrusor and retractor muscles appear to coactivate when ventilatory drive is elevated (9) and that combined stimulation of these muscle groups appear to stiffen the pharynx and stabilize its patency (10) . Further studies in humans have confirmed that comparable improvements in pharyngeal patency occur in sleeping humans when the genioglossus is stimulated selectively or in combination with lingual retractor muscles (8, 29) . Thus, unopposed stimulation of lingual protrusor or retractor muscles opens or closes the pharynx, respectively, whereas combined stimulation appears to stiffen the pharynx, helping to maintain airway patency during sleep.
Synchronizing stimulation with inspiration. In early human studies, acute airflow responses to electrical stimulation during sleep were examined (8, 39) . Brief stimulation pulses produced prompt changes in airflow with concomitant alterations in esophageal pressure, indicating a close temporal relationship between stimulation and the state of pharyngeal patency. In contrast, when stimulus intensity was increased to the point of arousing the patient from sleep, airway opening was sustained well beyond the burst duration. Time-linked responses in airway patency to stimulation suggested the lingual muscles could be stimulated selectively during sleep and that maximal therapeutic benefit was derived by applying the stimulation solely during the inspiratory phase of the respiratory cycle. These observations triggered the development of closed-loop methods for synchronizing electrical stimulation with the respiratory cycle, thereby minimizing the potential for neuromuscular fatigue and maximizing the life span of the power source.
DIRECT HYPOGLOSSUS STIMULATION
Electrode location. Favorable results from animal and fine wire human studies impelled investigators to further quantify the effects of direct hypoglossal nerve stimulation on pharyngeal patency during sleep. In this study, five patients were implanted with hypoglossal cuff electrodes placed around the proximal or distal nerve trunk (just proximal to ramifying into the body of the genioglossus muscle) (8) . Electrical stimulation was manually applied during sleep for single partially obstructed (flow-limited) inspirations, and generated increases in maximal inspiratory airflow of ϳ150 to 200 ml/s. Airflow responded similarly during distal and proximal nerve stimulation, which stimulated tongue protrusors selectively or in combination with retractors. The magnitude of this response suggested that stimulation could achieve substantial improvements in pharyngeal patency during sleep and corresponding reductions in sleep apnea severity without arousing patients from sleep. The findings also provided sufficient impetus for efforts to develop a fully implantable therapeutic HGNS system.
FEASIBILITY TRIALS
To date, four HGNS feasibility trials have been conducted to evaluate the performance and therapeutic potential of fully implantable hypoglossal nerve stimulation systems (4, 25, 38, 46) . Each system includes 1) a circumferential nerve cuff electrode, 2) a stimulation lead, and 3) an implantable pulse generator (Fig. 1) .
Synchronous (closed loop) stimulation. In three systems, respiration has been monitored with sensing leads, which detect inspiratory effort (Fig. 1, left) . Software algorithms embedded in the implantable pulse generator have been designed to predict the onset of inspiration and output a stimulus burst synchronized with the patient's inspiration (4, 38, 46) . Stimulation induces increases in maximal inspiratory airflow, which coincided with the onset and offset of the stimulation bursts (38) . Synchronized stimulation systems depolarize the entire hypoglossal nerve, which generates bulk tongue movement, as described for fine wire stimulation studies above.
Continuous (open loop) stimulation. In another system, an array of six flat electrodes has been arranged circumferentially in the cuff electrode (Fig. 1, right) . Rather than applying the stimulation during inspiration, this system stimulates specific electrodes continuously for a set duration. The pulse generator stimulates these electrodes in a predetermined sequence, targeting different nerve fibers in rotating fashion (25, 49) . In each system, stimulation "on" periods have been programmed to avoid neuromuscular fatigue by maintaining an overall stimulation duty cycle of Ͻ50%. The flat electrode array also uses low-level stimulation, which increases background lingual muscle tone throughout the respiratory cycle (49) .
In both open and closed loop stimulation systems, stimulus intensity can be adjusted by setting the pulse current amplitude (mA), frequency (Hz), and width (s). Approaches to titrating stimulation, however, have not yet been standardized. Each system can improve airway patency by altering tongue position, stiffening pharyngeal structures, and/or strengthening upper airway muscles over time.
Each stimulation system has documented improvements in airflow dynamics and sleep apnea in the majority of patients. Favorable responses have been generally defined by a 50% or greater decrease in apnea-hypopnea index (AHI) to less than 20 episodes per hour. Despite variability in patient selection criteria among the trials, most have instituted an upper limit on the patient's body mass index. In all, responses have been reported in 74 patients with moderate to severe obstructive sleep apnea, who were generally middle-aged to older men with mild to moderate obesity (see Table 1 ). Trials have differed in patient selection criteria, based on the degree of obesity and sleep-disordered breathing event characteristics. Recent studies have excluded patients who were very obese. They have also utilized differing definitions of obstructive hypopneas (4, 46) . In addition, one trial selected patients with a high proportion of obstructive hypopneas rather than complete apneas, for reasons described below (4). To date, rela- (Fig. 2) . These improvements can be attributed to increases in maximal inspiratory airflow (V Imax ) and ventilation. Improvements in airflow have paralleled stimulation burst profiles and the degree of synchrony with each inspiration (see recording example on and off stimulation, Fig. 3) (39) , suggesting that sleep apnea responses were a direct result of increases in airway patency rather than arousal from sleep. In further studies, improvements have been related to the stimulation intensity (37), the shape of the pharyngeal airway (3, 46) , and the magnitude of decreases in pharyngeal collapsibility during sleep (29) , which may be achieved by activating lingual protrusor muscles with or without concomitant activation of retractor muscles (29) . These findings support the notion that the genioglossus, long considered to be a major pharyngeal dilator muscle (35) , must act in concert with other pharyngeal muscles to fully stabilize airway patency during sleep. Thus, a complex interplay of device and functional factors will have to be considered to optimize therapeutic efficacy of HGNS.
Hypoglossal nerve
Beneficial responses to stimulation must be considered in light of potential immediate and long-term risks of adverse events. Acute surgical risks include those of anesthesia and analgesia (respiratory depression and airway obstruction), wound infections, hematomas, and nerve palsy. Long-term motor stimulation and repetitive tongue movements can produce soft tissue abrasions, muscle fatigue, changes in muscle fiber type, and lingual muscle hypertrophy. The chronic effects of stimulation and associated lingual muscle remodeling on upper airway function, however, have not been well characterized. It is also conceivable that stimulation intensity will need to be augmented over time to offset elevations in upper airway collapsibility that occur with increasing age (6, 21) and weight (18, 40) . If excessive increases in collapsibility occur, stimulation efficacy may ultimately be limited if intensity surpasses the patient's arousal threshold.
APPROACHES FOR OPTIMIZING RESPONSES TO ELECTRICAL STIMULATION
Despite generally favorable responses in AHI, residual sleep apnea has been observed in many patients regardless of stimulating platform, thus, leading investigators to consider a variety of approaches to optimize or augment responses to electrical stimulation. Collectively, the feasibility studies offer interesting clues as to how responses can be enhanced by refining patient selection criteria and predicting physiological responses in airway patency. Post hoc analyses have led to several approaches for screening patients, characterizing airway anatomy and function, and titrating therapy to optimize treatment responses.
MEASUREMENTS OF UPPER AIRWAY COLLAPSIBILITY DURING SLEEP
Current evidence indicates that upper airway collapsibility varies along the continuum from health to disease, as reflected by differences in upper airway critical closing pressures (Pcrit) (12) . Sleep apnea usually remits with treatment that decreases Pcrit below a threshold of approximately Ϫ5 cmH 2 O. Two factors determine the likelihood that HGNS will drive Pcrit below this threshold: 1) the baseline elevation of Pcrit and 2) the magnitude of the reduction in Pcrit with therapy (40, 42) . In general, investigators have postulated that the likelihood of therapeutic success is greatest in patients whose Pcrit is just above the Ϫ5 cmH 2 O threshold (i.e., in the minimally negative range). This range coincides with those patients who exhibit a baseline predominance of obstructive hypopneas rather than complete apneas (11, 12) . Accordingly, one feasibility study required that patients have predominantly obstructive hypopneas to be included in the trial, regardless of overall respiratory disturbance index (4) . Another study found that HGNS responders had a lower body mass index (46) , which may reflect lower levels of pharyngeal collapsibility during sleep. In these patients, observed reductions in Pcrit of 3 to 5 cmH 2 O with HGNS (28) would decrease Pcrit below the Ϫ5 cmH 2 O disease threshold, increasing the likelihood of favorable responses in sleep apnea.
PHARYNGEAL SHAPE AND SITE OF COLLAPSE
The shape of the pharyngeal lumen may also influence responses to HGNS. Leiter (20) postulated that tongue protrusion would yield greater improvements in pharyngeal patency when the pharynx is wider in the lateral than the anteroposterior dimension. Dotan et al. (3) confirmed that responses to electrical stimulation were greater in those with a low compared with high ratio of antero-posterior to lateral width of the pharyngeal lumen. Of note, the antero-posterior to lateral dimension was inversely related to cephalographic tongue size. Decreases in pharyngeal collapsibility (Pcrit) with electrical stimulation were also larger when stimulation increased the lateral dimension during drug-induced sleep endoscopy (DISE). In a separate HGNS study, a concentric rather than oblong pattern of luminal collapse during DISE was associated with poor responses to electrical stimulation, prompting inves- tigators to exclude such patients from the later phase of their feasibility trial (46) . Luminal shape may also determine the degree of coupling between tongue movements and luminal size, since stabilizing tongue position with HGNS can prevent collapse at the tongue base (16) or velopharynx through its zone of apposition with the soft palate (17) . Thus, HGNS responses may be enhanced in patients demonstrating little collapse of the lateral pharyngeal walls during DISE (4, 46) .
STIMULATION TITRATION
Therapeutic responses can also be optimized by titrating stimulation intensity during sleep (37) . Compared with adjacent unstimulated breaths, stimulated breaths exhibit linear increases in maximal inspiratory airflow as stimulus intensity is increased progressively above the motor recruitment (capture) threshold (Fig. 4, left) . At optimal HGNS stimulation levels, airflow peaked at normal tidal levels during sleep, and pharyngeal collapse (inspiratory flow limitation) was abolished in more than half of the patients, suggesting complete relief of airflow obstruction during sleep. Moreover, HGNS achieved normal levels of peak inspiratory airflow (Fig. 4, right; see shaded region), indicating that ventilation was restored to normal levels during sleep. These findings suggest that standardized protocols for HGNS titration are required to optimize therapeutic responses in sleep apnea to HGNS.
SELECTIVE STIMULATION OF SPECIFIC LINGUAL MUSCLE GROUPS
The hypoglossal nerve innervates a variety of extrinsic and intrinsic lingual muscle groups (7) . In principle, these muscles can be selectively stimulated to control the shape, position, and stiffness of the tongue and related pharyngeal structures. Extrinsic muscles, including lingual protrusor and retractor muscles, can either open or close the airway when stimulated in isolation, respectively (39) . In contrast, pharyngeal collapsibility decreases similarly with combined stimulation of protrusors and retractor and selective protrusor muscle stimulation (29) . Stimulating the genioglossus can also produce heterogeneous effects, depending on whether vertically oriented anterior or horizontally oriented posterior fibers are stimulated (3) . Stimulating the vertical fibers has been shown to move the tongue forward, while pulling the lateral pharyngeal walls inward, leading to no significant change in pharyngeal collapsibility. In contrast, stimulating the horizontal fibers enlarged the pharynx and decreased collapsibility significantly. Thus, selectivity in stimulating specific hypoglossal nerve fibers may be required to achieve maximal decreases in pharyngeal collapsibility and maximize improvements in sleep apnea (25) . A recently trialed multielectrode lead through which specific hypoglossal nerve fibers can be stimulated selectively should provide clinicians greater versatility in targeting those lingual muscles that best stabilize airway patency during sleep (49) . It is also possible that specific fibers must be recruited to stabilize patency of specific pharyngeal segments (e.g., velopharynx vs. tongue base).
RESPONSES TO ACUTE AND CHRONIC HYPOGLOSSAL NERVE STIMULATION
Therapeutic responses may accrue from both the acute and chronic effects of hypoglossal stimulation. As shown in Figs. 3 and 4, prompt increases in airflow have been demonstrated when stimulation exceeds the motor recruitment threshold. As ventilation and oxygenation improve, however, alterations in afferent chemoreceptor and mechanoreceptor activity can decrease pharyngeal neuromuscular tone, leading to paradoxical increases in airway collapsibility (44) . The influence of intrinsic neuromuscular tone on HGNS responses in pharyngeal patency, however, remains largely unexplored. It is also possible that stimulating the hypoglossus nerve chronically exerts long-term trophic effects on lingual muscles, including changes in muscle fiber strength and type (49) , which may enhance their ability to maintain pharyngeal patency during sleep. Remodeling the lingual musculature, whether by applying subcapture hypoglossal stimulation, playing the didgeridoo (34), or training tongue muscles with lingual exercises (14) , may also confer long-lasting beneficial effects that extend beyond the immediate treatment period (49) .
CONCLUSIONS AND FUTURE DIRECTIONS
In summary, hypoglossal nerve stimulation decreases pharyngeal collapsibility, leading to increases in airflow and concomitant improvements in sleep apnea without arousing patients from sleep. Nevertheless, residual sleep apnea in treated patients suggests the need to develop appropriate selection criteria and methods for predicting and optimizing therapeutic responses. It may be possible to predict poor responses to HGNS based on 1) the severity of obesity and/or sleep apnea, 2) the presence of complete upper airway obstruction during sleep (obstructive apneas rather than hypopneas), and 3) collapse of the lateral pharyngeal walls during DISE. Moreover, responses may be optimized by titrating stimulation acutely on the basis of flow responses, assessing pharyngeal shape, and ; n ϭ 25; P Ͻ 0.05). Lower levels of stimulation current were required to achieve peak airflow in the non-flow-limited compared with flow-limited subgroup (1.23 Ϯ 0.10 vs. 1.80 Ϯ 0.20 mA; n ϭ 25; P Ͻ 0.05), although peak inspiratory airflow did not differ between non-flow-limited and flow-limited subgroups (564 Ϯ 58 vs. 438 Ϯ 35 ml/s). Both groups attained normal or near-normal levels during sleep of ϳ400 ml/s or greater (shaded region). (37) .
targeting specific lingual muscle groups. Additional gains may be achieved by modifying stimulation patterns to maintain intrinsic pharyngeal neuromuscular activity and augment lingual muscle tone over time. Further study will also be required to characterize effects of sleep stage, body position, and craniofacial structures (32) on HGNS responses. Several sponsored clinical trials for HGNS systems are currently in progress, although responses in clinical outcomes to long-term stimulation still remain largely unexplored.
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